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ABSTRACT
U3Si2 is currently being considered as a possible replacement for the current
light water reactor fuel, UO2. U3Si2’s high melting temperature, high uranium
density, and high thermal conductivity are favorable in accident conditions, such
as a loss of coolant accident. Improved accident performance is further expected
when paired with a SiC/SiC cladding, since it provides relatively high strength and
a high oxidation resistance.
Modeling of U3Si2 and SiC/SiC in reactor is currently very important since
much of their behavior is still unknown. By implementing models that describe
the properties of U3Si2 and SiC/SiC into INL’s fuel performance code BISON,
performance of this fuel/cladding combination can be compared to that of the
standard UO2/Zircaloy. Included in these material models is a preliminary thermal
creep model for U3Si2 based off of recent compressive creep data.
In addition to the fuel performance analysis, due to the brittle nature of the
monolithic SiC layer that surrounds the cladding, an in depth analysis on stresses in
the cladding is done. Specifically performance during PCMI, when large interfacial
pressures cause significant stresses in the cladding, and the effect of varying pellet-
cladding gap widths are analyzed.
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On March 11, 2011, an earthquake off the coast of Japan caused a loss of power
to the Fukushima Daiichi nuclear power plant. The emergency generators went
online immediately, but were soon lost to flooding caused by several tsunamis that
hit the site. With no power, cooling systems went offline, leading to the overheating
of the uranium dioxide fuel (UO2). This large increase in temperature caused
the Zircaloy cladding to react with the high temperature steam, producing large
amounts of hydrogen. The hydrogen ignited, causing massive explosions in units 1,
3, and 4 (Figure 1.1).
After the occurence of the Fukushima Daichii nuclear disaster, research and
development under the Department of Energy’s (DOE) Advanced Fuels Program
has shifted towards accident tolerant fuels (ATFs). The goal behind the research
into ATFs is to replace the standard light water reactor (LWR) fuel, UO2, with a
fuel that lessens the severity of accidents [21], while maintaining or improving
fuel performance. Amongst the candidates for ATFs, uranium silicide (U3Si2) has
become a favorite due to its high margin to melt, high uranium density (11.3
gU/cm3), and high thermal conductivity. However, due to the limited amount of
data available, much of the in-reactor behavior of U3Si2 is not known.
Nuclear fuel performance codes, such as BISON [31], can further the under-
standing of ATFs by providing a means of predictive modeling. By adding models
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that describe the properties of the materials used and applying those properties to
representative geometries, these codes can provide estimations of fuel performance
with minimal resources being used.
In addition to ATFs, possible replacements for the Zircaloy cladding are be-
ing studied. Like ATFs, the goal of advanced claddings is to find a material that
increases the accident tolerance of the fuel rod without reducing fuel performance
during normal operation. Specifically, claddings that provide a higher oxidation
resistance are of interest, due to the reduction in the amount of hydrogen they pro-
duce during a loss of coolant accident (LOCA). Of the claddings being considered,
SiC is a common selection for use with U3Si2 due to its excellent performance in
high temperature and radiation environments. However, due to its brittle nature,
monolithic SiC (mSiC) is not suitable for structural applications and composite SiC
(SiC/SiC) must be used. While the use of SiC/SiC greatly improves the mechanical
performance of a SiC cladding, stresses in the layer of mSiC that is used as an envi-
ronmental barrier must remain below the threshhold for microcracking to avoid the
release of fission gases into the coolant [17].
1.2 OBJECTIVES
The objective of this research is to provide an analysis of the fuel performance
of U3Si2 in combination with a SiC/SiC cladding using BISON. Specifically, the
effects of thermal creep and a varying pellet-cladding gap width during normal
operation and pellet-cladding mechanical interaction (PCMI) will be examined.
Earlier work on this subject has been done at the University of South Carolina by
Bo-Shiuan Li, Kallie Metzger, Spencer Carroll, and Aaren Rice [14, 18, 17, 3, 24]. To
accomplish this analysis, four steps were taken.
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1.2.1 Addition of Material Models to BISON
The current release of BISON does not contain the models that describe mSiC
or SiC/SiC. Material models describing the thermal, irradiated, and mechanical
properties of mSiC and SiC/SiC have been created and implemented in BISON.
1.2.2 Development of a Thermal Creep Model for U3Si2
Recent results from compressive creep tests have allowed for the development
of a preliminary thermal creep model for U3Si2. Creep can provide a significant
delay in the failure of the cladding due to increasing stress during PCMI [3].
1.2.3 Impact of Pellet-Cladding Gap Width
Due to U3Si2 experiencing a high rate of irradiation swelling, the pellet-
cladding gap width is an important parameter to consider in fuel design. Increasing
the gap width will allow the fuel more space to swell, postponing PCMI. While
increasing the gap width could be beneficial, the resulting reduction in heat transfer
may cause the fuel to reach temperatures that are higher than is acceptable during
operation [18].
1.2.4 Comparison of U3Si2 and UO2 Fuels with SiC Cladding
As mentioned previously, the classification of accident tolerance is dependent
on the fuels performance in comparison with UO2. Both U3Si2 and UO2 are paired
with SiC to assess U3Si2’s ability to behave as an accident tolerant fuel.
1.2.5 Comparison of SiC and Zircaloy Claddings with U3Si2 Fuel
Similar to the comparison of fuels, SiC/SiC will be compared to the traditional
Zircaloy cladding when paired with U3Si2. While this study may not highlight the
3
ability of SiC to resist oxidation, it will allow for an analysis of the cladding from a
thermal, irradiation, and mechanical perspective.
4
Figure 1.1 Aerial view of the buildings that housed units 3 and 4 at the Fukushima





SiC has been considered for nuclear applications since the 1960s, with its
use as a fuel coating for high-temperature gas-cooled reactors [22]. The ceramic
offers many features that are desirable in a reactor environment including creep
resistance, exceptional strength at high temperatures, radiation tolerance, and a
low reaction rate in high temperature steam. Although SiC displays numerous
beneficial features, its brittle nature makes it not suitable as a structural material.
However, with the invention of ceramic fiber-reinforced ceramic matrix composites
(CMC), the range of nuclear applications that SiC would suitable for has greatly
increased [13].
2.1.1 mSiC Fabrication
The method used for the fabrication of monolithic SiC greatly impacts its per-
formance in reactor. Since first produced by the Acheson process in 1891, numerous
methods have been used to fabricate SiC. These methods include sintering, direct
conversion, gas phase reaction, and polymer pyrolysis. Of these methods, for the
production of nuclear-grade SiC, the gas phase reaction technique of chemical vapor
deposition (CVD) has become one of the most common [27].
CVD involves heating an object in an atmosphere of a gas or gases. A thin film
is deposited on the surface of the object due to the gas chemically reacting in the
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presence of heat [4]. For SiC, the most common gasses used are methyltrichlorosi-
lane (CH3SiCl3) or ethyltrichlorosilane (C2H5SiCl3) mixed with a hydrogen carrier
gas.
CH3SiCl3 −−→ SiC + 3 HCl
C2H5SiCl3 + H2 −−→ SiC + 3 HCl + CH4
The result of these reactions is the deposition of high-purity β-SiC. β-SiC is a
unique polytype of SiC due to that it is the only one that shows cubic symmetry,
as can be seen in Figure 2.1 [27]. This polytype is preferred over α-SiC due to
the tendency of hexagonal crystallites to swell anisotropically under irradiation,
causing intergranular cracking [12].
2.1.2 SiC/SiC - Fabrication
As mentioned previously, the issue of the brittle nature of SiC can be solved
by using it to produce a CMC, commonly known as composite SiC or SiC/SiC.
SiC/SiC consists of SiC fibers (SiCf ) woven together and bonded with a SiC matrix
(SiCm). A layer of a carbon material is also used between the fibers and the matrices
for debonding/sliding purposes [12].
SiC fibers are typically produced using the polymer precursor technique devel-
oped by Yajima and Hayashi [32] in the 1970s. The process involves the conversion
of organometallic polymer to inorganic substances. Specifically, dimethyldichlorosi-
lane ((CH3)2SiCl3) is converted to polydimethylsilane ([(CH3)2Si]n) by dechlori-
nation with metallic sodium, then converted to a polycarbosilane polymer. The
polycarbosilane is then melt-spun, cured by exposure to oxygen or electron beam
curing, then ceramized in an inert atmosphere [12].
Similar to mSiC, there are many fabrication techniques used to produce the
SiC matrix. These techniques include melt infiltration, polymer infiltration and
pyrolysis, and chemical vapor infiltration (CVI). Among these methods, CVI is
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commonly used due its ability to produce a matrix composed of high-purity β-SiC.
The process for CVI is similar to CVD, with significant differences being the objects
introduced to the gas flow are SiC fibers and the reactants not only collect on the
surface, but must diffuse into the fiber preform. This process can take several
hundred hours to achieve the desired composite densities [6].
2.1.3 mSiC Thermal Conductivity
The thermal conductivity of a covalent carbide is typically obtained by mea-
suring its thermal diffusivity and then using the relationship
k = αdCpd, (2.1)
where k is the thermal conductivity, αd is the thermal diffusivity, Cp is the specific
heat, and d is the density [27]. In most cases, thermal diffusivity is measured using
the thermal flash method, which involves heating the front surface of a sample by a
pulse of energy, then measuring the time-dependent temperature rise on the back
surface of the sample [20]. Using this method, many studies have been done on
SiC to determine its thermal conductivity. These studies have been compiled into a
singular figure (Figure 2.2) by Snead et al. [27]. This figure shows that the thermal
conductivity of SiC relies heavily upon its grain size, impurities, etc., which is due
to the heat conduction of most ceramics being dominated by phonon transport.
While mSiC generally shows excellent thermal conductivity, irradiation dam-
age causes its thermal conductivity to saturate at a much lower value. This phenom-
ena is due to the production of defects, which effectively scatter phonons. Figure
2.3 shows the effect of irradiation damage on the thermal defect resistance (1/k)
of mSiC. As seen in the figure, the thermal conductivity is dominated by irradia-
tion damage and temperature no longer has much of an impact. Also, the figure
shows that this effect saturates at a relatively low amount of damage (1 dpa or 1025
n/m2).
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2.1.4 SiC/SiC - Thermal Conductivity
Like mSiC, the thermal conductivity of SiC/SiC is obtained by measuring the
thermal diffusivity from the thermal flash method. Figure 2.4 shows the results
of this method as obtained by Deck et al. [6]. In comparison with mSiC, SiC/SiC
displays a much lower thermal conductivity. This difference is mainly caused by
the anisotropic nature of the material as well as the increase in phonon scattering
from the carbon interface between the fibers and matrix [2]. Additionally, Figure
2.4 shows that a decrease in density can further reduce the thermal conductivity of
the composite.
Katoh et al. [12] studied the impact of irradiation damage on SiC/SiC, and
found it to be similar to that of mSiC. The effects of irradiation damage on SiC/SiC
cause a significant reduction in thermal conductivity that saturates at low fluence
levels. These results can be seen in Figure 2.5.
2.1.5 mSiC & SiC/SiC - Thermal Expansion
Thermal expansion in materials is caused by the increase of interatomic spac-
ing. As the temperature of the material increases, atoms begin to move furter apart
due to increased vibrations. Due to their strong covalent bonds, the vibrations
of the atoms in SiC are relativitely small, leading to minimal thermal expansion.
The instanteous coefficient of thermal expansion (CTE) of most materials can be
measured using a push-rod dilatometer as defined by the ASTM Standard E228-06
[7]. The dilatometer measures the difference in linear thermal expansion of the test
specimen and the holder. The result of this test an instantaneous CTE as a function
of temperature.
Katoh et al. [12] measured the instantaneous CTE of mSiC and SiC/SiC using
the previously mentioned method. As can be seen in the figure produced by their
measurements (Figure 2.6), the instantaneous CTE of mSiC agrees well with that
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of SiC/SiC. The study also found that the effects of irradiation on the thermal
expansion of SiC are insignificant.
2.1.6 mSiC & SiC/SiC - Irradiation Swelling
As mentioned previously, irradiation damage causes a significant increase in
defects in mSiC. These defects include Frenkel defects and antisite defects. For tem-
peratures below 1000 ◦C, the vacancies caused by these defects have little mobility,
resulting in an increase in volume, typically referred to as irradiation swelling. Since
the mechanism for swelling is the same for the reduction in thermal conductivity,
swelling for mSiC also saturates at low fluences. Also, since nuclear-grade SiC/SiC
is near-stoichiometric, no significant difference in swelling is expected between it
and mSiC. Results from swelling experiments conducted by Katoh et al. [12] can be
seen in Figure 2.7.
2.1.7 Cladding Designs
Although using SiC/SiC addresses the issue of mSiC’s brittle nature, the issue
of porosity is introduced. SiC/SiC is very porous, which will allow fission gas
to enter the coolant and hydrogen to diffuse into the fuel rod. This problem is
usually addressed by a layer of mSiC being added to the cladding [26]. Examples of
potential cladding designs can be seen in Figure 2.8. Of these designs, computational
modeling done by Stone et al. [28] shows that the largest stresses are seen on the
inner wall of the cladding, which the outer monolith/inner composite design
would be better suited to handle. This design is labeled as concept 3 in Figure 2.8. It




Uranium inter-metallic compounds have long been considered for alternative
fuels due to their high uranium densities compared to oxides and aluminides (Table
2.1). Initial research was done on U3Si and U6Fe, but due to the fission-induced
amorphisation and the resulting breakaway swelling observed in both materials,
they were considered too unstable. Research into the lower density U3Si2 shows that
even though the material becomes almost completely amorphous upon irradiation,
it does not experience the large amount of swelling seen in U3Si (Figures 2.9 and
2.10) [8]. In addition to experiencing a lower amount of swelling, the melting point
of U3Si2 (1665 ◦C) is also much higher than that of U3Si (930 ◦C) (Figure 2.11),
allowing for higher operating temperatures.
2.2.1 Fabrication
The current fabrication method used for U3Si2 is optimized to be carried out
on a laboratory scale. Uranium feedstock is washed in weak nitric acid to remove
any outer oxide layer and then reduced to a powder by decrepitattion. This process
involes hydriding and then dehydriding the uranium, which induces stress in
the bulk uranium metal causing it to fracture into a fine powder. This process is
repeated until particle diameter is less than 300 microns. The uranium powder is
then mixed with a fine silicon powder to achieve a composition that is 92.7 wt.% U
and 7.3 wt.% Si. Additional silicon is added to account for losses during arc melting
and to minimize the formation of U3Si and U solid solution phases. The powder
mixture is compressed (Figure 2.12) and then arc melted to form an ingot (Figure
2.13). The ingot is milled to the desired particle size (red line in Figure 2.14) and
then pressed to form a green pellet. The green pellet is then sintered and machined
to the desired dimensions [11].
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2.2.2 Thermal Conductivity
One of the most advantageous properties of U3Si2 is its thermal conductivity.
Figure 2.15, compiled by White et al. [30], highlights the differences in the thermal
conductivity of U3Si2 and UO2. As can be seen in this figure, the thermal conduc-
tivity of U3Si2 ranges from approximately 10 W/m·K at room temperature to 32
W/m·K at 1773 K. At expected operating temperatures, the thermal conductivity
of U3Si2 is roughly eight times higher than that of UO2. This difference leads to a
higher amount of heat transfer, resulting in lower operating temperatures.
2.2.3 Irradiation Swelling
As mentioned previously, U3Si2 is favored over U3Si due to significantly
smaller amount of swelling it undergoes upon irradiation. Currently, data on the
irradiation swelling of U3Si2 is limited to mini-plate irradiations that were done
in the Oakridge research reactor (ORR) in the 1980s. Initial analysis of this data
suggested that U3Si2 was a crystalline material due to the distribution of fission
gas bubbles remaining relatively small and stable. Further analysis has shown
that this is not the case, and instead U3Si2 becomes almost completely amorphous
upon irradiation. With this knowledge, the ORR mini-plate data was revisted by
Finlay et al. [8] in order to find an explaination for what was being observed. Upon
calculating the amount of fission gas produced and the total stored in bubbles, it
was found that only a small fraction of fission gas was stored in the bubbles. These
findings led to the conclusion that the fission gas atoms are actually being stored in
solution. As the U-Si ratio decreases, the stronger Si-Si bonds reduce the diffusivity




Deformation seen at high homologous temperatures and low stresses (less
than yield) is known as creep. The typical time-dependent strain curve due to creep,
which can be divided into three stages, can be seen in Figure 2.17. Each stage has
a unique shape that can be described by the competition of strain hardening and
recovery in the material.
2.3.1 Stages of Creep
The first stage, or primary creep, is characterized by a decreasing strain rate
over time. During primary creep, the rate of strain hardening is greater than the
rate of recovery. Over time the material becomes more creep resistant due to
the formation of dislocation networks or the formation of subgrains. During the
second stage, commonly referred to as secondary or steady-state creep, the rate
of strain hardening is balanced by the rate of recovery leading to a constant creep
rate. Secondary creep is caused primarily by dislocation annihilation. The final
stage of creep, known as tertiary creep, is characterized by a large increase in the
creep rate followed by the failure of the material. Reduction in the cross-sectional
area of the material due to necking or internal void formation causes stresses to
significantly increase and surpass strain hardening. For most materials, creep
behavior is described by the secondary stage.
2.3.2 Mechanisms of Creep
The rate at which a material deforms by way of creep is determined by the
applied stress, temperature, grain size, and mechanism of deformation. The steady-




whereA is a constant, d is the grain size, p is the grain size exponent, σ is the applied
stress, n is the stress exponent, Q is the activation energy, R is the gas constant, and
T is the temperature. Each mechanism of creep has its own set of values for n, p, Q,
and A. Relationships between these parameters are provided in Table 2.2 [19]. Qgb,
QL, and Qs represent the activation energies for grain boundary diffusion, lattice
diffusion, and solute diffusion, respectively.
2.4 FINITE ELEMENT MODELING
Predictive modeling is a valuable tool in the nuclear industry, as it can provide
insight into areas that may be costly or difficult to measure experimentally. While
differential equations that describe the laws of physics can be used to determine
exact solutions to any problem, analysis of complex systems can make obtaining
these solutions very difficult. The finite element method (FEM) is an approach to
simplify this process, while still providing reliable solutions.
The finite element method can be broken down into three basic steps. The
first step includes dividing the domain of the problem into geometrically simple
subdomains, or finite elements. Second, the governing equation is represented by a
combination of algebraic polynomials for each element. The final step is to obtain
algebraic relations among the undetermined coefficients by satisfying the governing
equations. [23].
2.4.1 MOOSE - Multiphysics Object-Oriented Simulation Environment
Due to the complexity of nuclear systems, Idaho National Laboratory (INL)
has developed the finite element framework MOOSE (Multiphysics Object-Oriented
Simulation Environment). MOOSE utilizes the Jacobian-free Newton Krylov (JFNK)
scheme in order to reduce memory consumption and computational time. This
scheme reduces the large matrix that holds the Jacobian entries to a matix-vector
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product, bypassing the time to populate and the memory needed to hold the matrix
[10].
Starting with a discrete problem of length N ,
F(x) = 0, (2.3)
the Jacobian of the system is defined by the N ×N matrix
J (x) = ∂F(x)
∂x
. (2.4)
The Newton iteration can be expressed as
J (x(k))δx(k) = −F(x(k)), (2.5)
which leads to the expression
x(k+1) = x(k) + ∂x(k). (2.6)
As mentioned previously, forming the Jacobian (Eq. 2.4) is computationally ex-
pensive. By utilizing Krylov solvers, the Jacobian matrix is no longer needed, and
is instead replaced by the action of the Jacobian matrix on a vector. This process
approximates Eq. 2.5 with the expression
J (x(k))δx(k) ≈ F(x
(k) + εδx(k))− F(x(k))
ε
(2.7)
This method greatly simplifies the addition of new physics to MOOSE, making it
easy for users to modify MOOSE for specific applications [10]
2.4.2 BISON
Using the MOOSE framework, INL has developed BISON, a nuclear fuel
performance code. BISON has been developed for use as a general fuels perfor-
mance code, with majority of the focus on LWR fuel rods. Validation cases are
well documented for fuel rods consisting of UO2 fuel with a Zircaloy cladding
[31]. Although most of the initial focus for BISON has been this fuel/cladding
combination, the ease of adding other material models makes BISON a versatile
tool for use in nuclear fuel modeling.
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Table 2.1 Densities of various oxides, aluminides, and silicides [8]











Table 2.2 n, p, Q, and A for each mechanism of creep [19]
Mechanism n p Q A
Nabarro-Herring 1 2 QL 12
Coble 1 3 Qgb 150
Harper-Dorn 1 0 QL 3×10−10
Springarn-Nix 1 3 Qgb 75
Grain boundary sliding 2 2 Qgb 200
Viscous glide 3 0 Qs 6
Dislocation climb 4-7 0 QL 3×107
Power-law breakdown 7+ - QL -
16
Figure 2.1 Crystal structure of β-SiC [27]
Figure 2.2 Unirradiated thermal conductivity of SiC [27]
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Figure 2.3 Thermal defect resistance of SiC [27]
Figure 2.4 Unirradiated thermal conductivity of SiC/SiC [6]
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Figure 2.5 Thermal defect resistance of SiC/SiC [12]
Figure 2.6 Instantaneous CTE of SiC [12]
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Figure 2.7 Swelling of SiC [12]
Figure 2.8 Cladding designs using SiC and SiC/SiC [28]
20
Figure 2.9 Fission gas bubble morphology of U3Si [8]
Figure 2.10 Fission gas bubble morphology of U3Si2 [8]
21
Figure 2.11 Si-U phase diagram [1]
Figure 2.12 Compressed uranium and silicon [11]
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Figure 2.13 Uranium and silicon after arc melting [11]
Figure 2.14 U3Si2 particle size after milling [11]
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Figure 2.15 U3Si2 thermal conductivity [30]
Figure 2.16 Fuel particale swelling as a function of fission density [8]
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3.1 BISON MATERIAL MODELS
As mentioned previously, the structure of BISON allows for additional mate-
rial models to be added with ease. This feature was taken advantage of in order to
provide a better representation of U3Si2 fuel and layered SiC/SiC cladding.
3.2 THERMAL CONDUCTIVITY MODEL - SiC
Due to the degradation of the thermal conductivity of SiC as a result of
irradiation damage, a model must be created that is dependent on both temperature
and damage. Using the thermal resistivities of both unirradiated and irradiated
SiC, the total thermal conductivity can be calculated using the model proposed by
Snead et al. [27],
1
k
= R0 +Rirr , (3.1)
where k is thermal conductivity, R0 is the resistivity of unirradiated SiC, and Rirr
is the resistivity of irradiated SiC. R0 is taken as the inverse of the unirradiated
thermal conductivity.
For monolithic SiC, the unirradiated thermal conductivity described by Stone
et al. [28] was used.
k(T ) = −3.70× 10−8T 3 + 1.54× 10−4T 2 − 0.214T + 153.1 (3.2)
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Where T is in K and k(T ) is in W/m·K. This relation is valid for T ≤ 1573 K. Stone
also defines the resistivity due to irradiation as
Rirr = 6.08 · S , (3.3)
where S is volumetric swelling strain.
For composite SiC, the unirradiated thermal conductivity is described by the
relation [28]
k(T ) = −1.71× 10−11T 4 + 7.35× 10−8T 3 − 1.10× 10−4T 2
+ 0.061T + 7.97 ,
(3.4)
where T is in K. Resistivity due to irradiation for composite SiC is defined as being
proportional to swelling, like monolithic SiC, but instead having a constant that is
approximately two and a half times larger [28]:
Rirr = 15.11 · S. (3.5)
3.3 IRRADIATION SWELLING MODEL - SiC
Irradiation swelling for mSiC and SiC/SiC are assumed to be the same due
to the insignificant difference in their values as reported by Katoh et. al [12]. The







where Ṡ is the swelling rate (1/s), ks is the rate constant for swelling, γ is the fast
neutron fluence (dpa), and γsc is the characteristic fluence for swelling saturation.
ks and γsc are defined as the following temperature dependent polynomials:
ks = 6.0631× 10−8T 2 − 1.5904× 10−4T + 0.10612 (3.7)
γsc = 6.7221× 10−12T 4 − 1.3095× 10−8T 3 + 9.4807× 10−6T 2
− 2.7651× 10−3T + 0.51801
(3.8)
where T is temperature (K).
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3.4 INSTANTANEOUS CTE MODEL - SiC
Instantaneous CTE is assumed to be the same for mSiC and SiC/SiC. It is
modeled using the polynomial provided by Stone [28] that was obtained by fitting
experimental data provided by Katoh [12].
α(T ) = 3.83× 10−9T 3 − 1.22× 10−5T 2 + 0.0144T − 0.777 (3.9)
Where T is in K and α(T ) is in 10−6/K. This relation is valid for the temperature
ranges 300 - 1300 K.
BISON allows for the user to provide a function for the instantaneous CTE in
the input file, however the function must be of time, not temperature. Following the
same format for this feature, an additional feature was added to the elastic model
to allow for the use of a temperature dependent function.
3.5 COMPLIANCE - SiC/SiC
Due to matrix cracking and fiber sliding, the stress-strain curve for SiC/SiC
has a region of deformation similar to a plastic material [28]. Currently, BISON uses
an elastic model, which would cause the cladding to experience higher stresses
during contact than expected. To avoid this issue, changes were made to BISON’s
elastic model to take the modulus of elasticity as a function of strain. The function is
input as a set of strains and corresponding effective moduli. Values that fall between
strains are linearly interpolated. The stress-strain curve and effective modulus can
be seen in Figure 3.1.
3.6 THERMAL CREEP MODEL
The creep rate of a material can be defined as a combination of the primary
and secondary creep rate.
ε̇t = ε̇p + ε̇s (3.10)
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Where ε̇t is the total creep rate, ε̇p is the primary creep rate, and ε̇s is the secondary
creep rate.
Using this relation, the secondary creep rate can be acquired from the steady
state portion of the creep rate curve. By subtracting the secondary creep rate from
the total creep rate, the primary creep rate can then be acquired.
3.6.1 Secondary Creep
Using data acquired from three creep tests performed by Mercado [16] on
U3Si2, a preliminary creep model can be developed. A fit can be applied to data
from the creep tests using the standard creep rate equation [19]:
ε̇ = Aσne−Q/RT , (3.11)
whereA is a material constant, σ is stress, n is the stress exponent, Q is the activation
energy, R is the gas constant, and T is temperature. The variables n and Q depend
on what creep regime the tests were performed in. In order to obtain A, n, and Q
for U3Si2, a minimum of three tests must be performed.
To find the stress exponent n, two creep tests that differ only by the stress
applied are needed. Applying the standard creep rate equation to both tests and







A stress exponent of 1 suggests that the creep regime is either Coble or Nabarro-
Herring, while a stress exponent greater than 1 suggests Dislocation creep.
To find the activation energy Q, two creep tests that differ only by the temper-
ature of the sample during testing are needed. Similar to finding n, the ratio of the








The final unknown variable A can be solved for by fitting the standard creep
rate equation to any of the data points while using the calculated values for n and
Q.
3.6.2 Primary Creep
In order to capture primary creep in the model, the Miller-Norton equation
[5] was used.
ε̇ = Cσntme−Q/RT (3.14)
where C is a material constant, t is time, and m is the time exponent.
Finding the unknown variables C and m can be accomplished with only one
creep test. Using two data points along the same creep rate curve that have different







C can be solved for by using the same approach for solving A in 3.11.
3.7 OTHER MODELS - U3Si2
Models describing the thermal properties, irradiation swelling, and fission gas
release of U3Si2 have previously been added and validated in BISON [9]. However,
it should be noted that, for fission gas release, the model for UO2 is used due to the
lack of experimental data for U3Si2.
3.8 VALIDATION OF MODELS
A validation case was created for each material model that was added to
BISON. If possible, each validation case was designed to mimic the conditions of
the experiment that the model was obtained from. The results from these cases
were then compared to experimental values.
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3.8.1 Unirradiated Thermal Conductivity - SiC
To validate the unirradiated portion of the thermal conductivity model for
mSiC, a simple test case was created to reflect the data recorded by Snead et al. [27].
Constant temperatures of 0 ◦C and 1300 ◦C were applied to the left and right side of
a square mesh, Figure 3.2. The thermal conductivity across the square was recorded
in the output. Figure 3.3 shows the results of this case.
The same validation can be used for SiC/SiC by changing the material model
that represents thermal conductivity. The results of this validation case were com-
pared to the experimental data obtained by Stone et al. [28]. Figure 3.4 shows the
results of this case.
3.8.2 Irradiation Swelling - SiC
Stone et al. [28] provides data for swelling strain as a function of dose at 200
◦C, 500 ◦C, and 800 ◦C. For validating the material model, a temperature 800 ◦C
was applied to a square mesh. A dose was applied to the entire mesh starting at
0 dpa and incrementing by 1 dpa until 5 dpa was reached. The swelling strain
was recorded in the output and compared to the corresponding data for the same
temperature. Figure 3.5 shows the results of this case.
3.8.3 Irradiated Thermal Conductivity - SiC
Since the irradiated portion of thermal conductivity for β-SiC is proportional
to swelling (Eq. 3.3), the previous validation case can be used. Along with swelling
strain, thermal resistivity was recorded as output. When the thermal resistivity
is plotted as a function of swelling strain, the slope of the line should match the
relationship provided by Eq. 3.3. Figure 3.6 shows that the slope and the relationship
are in agreement.
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The same validation case can be used for SiC/SiC by replacing the thermal
conductivity. Figure 3.7 shows that the slope and Eq. 3.5 are in agreement.
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Table 3.1 Material Properties for SiC
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Table 3.2 Material Properties for SiC/SiC
Property Equation
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Figure 3.1 Stress-Strain Curve and Effective Modulus for SiC/SiC [28]
Figure 3.2 Square Mesh
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Figure 3.3 Validation of mSiC Unirradiated Thermal Conductivity Model
Figure 3.4 Validation of SiC/SiC Unirradiated Thermal Conductivity Model
35
Figure 3.5 Validation of SiC Irradiation Swelling Model
Figure 3.6 Validation of mSiC Irradiated Thermal Conductivity Model
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4.1 THERMAL CREEP OF U3Si2
Ongoing creep testing of U3Si2 is currently being done at the University of
South Carolina by Mercado [16]. Tests are performed inside a compressive creep
rig under a vacuum of 3 to 10 mBar to mitigate oxidation of the sample. Loads are
applied to the bottom of the sample via a compressed air cylinder and the sample is
heated by resistive heating. Temperatures fluctuations are minimized by the use of
a proportional-integral-derivative (PID) controller which receives feedback from a
pyrometer focused on the center of the sample. The use of a telecentric camera lens
and a light source allows for image capture of the sample (Figure 4.1). The changing
position of surface features allow for the calculation of axial and diametral strain.
To determine which sections of strains are most representative of secondary creep,
data used for creep rate curve fitting was required to have a correlation coefficient
of at least 0.95 for a minimum of 100 hours. Using this method, seven tests have
been completed and are outlined in Table 4.1. Data for test 3 was not considered for
creep analysis due to a malfunction of the creep rig causing the test to fall below
the 100 hour requirement.
To determine the creep rate equation for U3Si2, the methods outlined in the
previous section were used. When comparing tests to findA,Q, and n, temperatures
within 20 K and stresses within 15 MPa were considered to be equal. Table 4.2 shows
the averaged results forA,Q, and nwhen applied to the data. The value of the stress
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exponent obtained from this analysis, being relatively small, suggests a diffusion-
based creep mechanism such as Nabarro-Herring or Coble creep. The relatively low
activation energy and experimental temperatures (< 0.66Tm) narrow this suggestion
to Coble creep. Figure 4.2 displays the projected creep rate versus the experimental
creep rate for each test. Points that lie on or close to the black line show the best
agreement between the data and the fit. This figure highlights a fair amount of
variability from sample to sample. Further examination of the testing conditions for
the creep case show that for tests 1 through 5, large temperature fluctuations can be
seen due to the lack of the PID at this point of testing. Additionally, analysis of the
images for test 7 show the sample taking an “S” shape, possibly due to the pellet
being off-center with respect to the cylinder. Excluding these tests, a plot of ln(ε̇)
versus 103/T (Figure 4.3) shows that if the remaining data is separated by stress,
two lines with the same slope can be drawn through the two groups. The slope
for this line, which represents −Q/R, gives a value for Q of 55.77 kJ/mol and the
difference between the lines gives a value for n of 1.0282, furthering the suggestion
of Coble creep being the driving mechanism seen.






where Bc, DB, δB, and Ω are the Coble constant, grain boundary diffusivity, grain
















Applying this to the entire data set, and plotting ln(ε̇ · T/σ) versus 1/T, a value of
Q can be obtained from the slope of a line of best fit. Figure 4.4 shows that this
method provides a value for Q of 84.01 kJ/mol. This figure also highlights that a lot
of the variability seen in the data comes from the difference of the two batches of
pellets used. Microstructural analysis of these pellets done by Coleman Terrapin at
the University of South Carolina [29] shows that grain size differs between batches.
For pellets whose IDs begin with 150813, the average grain size was found to be
17.46 µm, while pellets whose IDs begin with 161214 had an average grain size
of 25.99 µm. Applying these grain sizes to the Coble creep equation and plotting
ln(ε̇ ·d3 ·T/σ) versus 1/T, variability of the data is greatly reduced. Figure 4.5 shows
that by taking into account grain size dependency, the data provides a much clearer
trend. From this plot, a value for Q of 167.12 kJ/mol can be obtained.
4.1.1 Base BISON Cases
While some stress/temperature combinations show large amounts of creep
deformation, they may not be typical of what would be expected in reactor. To
obtain a better idea of the impact that creep will have on fuel performance, BISON
cases with and without creep active were created and compared. The model used
for these cases is the standard creep equation based off of an earlier, smaller set of
data that provides values of aA, n, andQ of 2.0386×10−4, 1.2063, and 295.55 kJ/mol,
respectively. In addition to the material models outlined in the previous section, the
linear heating rate and other parameters used are specified in Figure 4.8 and Table
4.3. A 2D axisymmetric mesh (Figure 4.6) was created to the specifications of the
geometry outlined in Table 4.4. A smeared pellet stack and a layered cladding can
clearly be seen in Figure 4.7. Initial fuel dimensions are based on previous BISON
cases done by Metzger et al. [18], while cladding dimensions are based on concept
3 from Figure 2.8. Figures 4.9 through 4.16 show the results from these cases.
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Figure 4.9 shows the centerline temperature of the fuel over 60 GWd/MTU.
As can be seen in the figure, there is an initial increase in temperature over the
first 5 GWd/MTu. This increase in temperature is mainly due to a combination
of the power ramp shown in Figure 4.8 and the decreasing thermal conductivity
of the cladding due to irradiation damage. After the fuel reaches its maximum
power output and the swelling in the cladding saturates, the temperature begins to
decrease. This can be attributed to the linearly decreasing power over time as well
as the swelling of the fuel causing the pellet-cladding gap to close, increasing heat
transfer. At approximately 50 GWd/MTU, a bend in centerline temperature can be
seen due to PCMI, allowing for direct heat transfer. When comparing the centerline
temperatures of the two cases, minimal differences can be seen except during the
40 to 50 GWd/MTU region. The case with creep experiences a slightly higher
temperature and the point of contact is delayed by a few GWd/MTU. This can be
explained by gap remaining open longer in the creep case. Figure 4.10 confirms that
this is indeed the case by showing that at approximately 40 GWd/MTU the radial
surface displacement of the fuel diverges between the two cases and remains lower
in the case with creep.
At the point of contact, Vonmises stresses in the fuel (Figure 4.11) cause a
significant increase in creep, which leads to the fuel extending further into the
plenum as Figure 4.12 shows. Figure 4.13 shows that there is a significant increase
in internal pressure of the fuel rod. The relatively small amount of fission gas
release seen in Figure 4.14 suggests that this increase in pressure is mainly due to
the volume of the plenum decreasing as the fuel swells. The divergence between the
two cases seen in Figure 4.13 can be explained by the increase in axial displacement
of the fuel in the creep case, resulting in a further decrease of the plenum volume.
Figures 4.15 and 4.16 show the hoop stress in the different layers of the
cladding. At the beginning of life, a large tensile stress can be seen in the composite
portion of the cladding (Figure 4.15) and a large compressive stress can be seen in
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the monolithic portion (Figure 4.16). This large increase in stress is mainly due to
the thermal stresses caused by the large temperature gradient in the cladding. As
can be seen in Figure 4.17, the temperature difference in the inner wall and the outer
wall of the cladding is approximately 75 K initially, but climbs to approximately 250
K shortly after. This large temperature gradient can be explained by the degredation
of the thermal conductivity of the cladding as it is irradiated. Both figures of hoop
stress also show a large increase in stress at the point of contact, which is expected.
In the composite portion of the cladding, a bend in the stress curve can be seen
above the line labeled ”PLS”, which stands for proportionality limit stress. PLS
refers to the point at which matrix cracking and fiber sliding begins. Stresses above
this line are calculated using the effective moduli explained in the previous section.
As can be seen in the figure, as the cladding begins to experience compliance, the
slope of the stress curve decreases. While this does have a large impact on the
stresses in the cladding, an argument can be made that the impact of creep is much
more significant. As metioned earlier, in the case with creep, PCMI is delayed which
allows for the fuel to operate longer at lower cladding stresses. Figure 4.16 shows
that by only delaying PCMI for a small amount of time, the fuel can reach a burnup
of 60 GWd/MTU or higher without cladding fracture, approximately 5 GWd/MTU
higher than the case without creep.
4.1.2 Increased Creep Rate
Experiments conducted by Luecke et al. [15] show that compressive creep
testing of ceramics produces considerably lower creep rates than tensile testing.
Results show that compressive creep tests show anywhere from 10 to 100 times
slower strain rates than during tensile creep testing at the same temperatures. To
capture the effect that this might have on the fuel during operation, two additional
cases were created that increased the rate of tensile creep by a factor of 10 and
100. The results from these cases are compared to the BISON case with creep from
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the previous set of results. Figures 4.18 through 4.23 show the same behavior as
described with the previous results with the most notable difference being seen in
Figures 4.22 and 4.23 where the case with a scaling factor of 100 keeps the stresses
in the cladding from sharply increasing at the point of contact.
4.2 PELLET-CLADDING GAP WIDTH SENSITIVITY STUDY
As the previous results show, PCMI is a limiting factor on the life of a fuel.
One possible way to avoid or postpone PCMI is by increasing the pellet-cladding
gap width, allowing the fuel more space to swell before coming in contact with the
cladding. While this method seems promising, there is the issue of a loss in heat
conduction, potentially requiring higher fuel temperatures to produce the same
power output. To test the effects of pellet-cladding gap width on fuel performance,
a parametric study was completed using six cases of varying gap widths from 80
µm to 180 µm. The results from this study are shown in Figures 4.24 through 4.29.
It should be noted that larger gap widths caused solution convergence issues in
BISON, leading to early termination of the cases (before 60 GWd/MTU).
While a slight temperature rise is expected with increasing gap width, Figure
4.24 shows that this effect is very significant. For gap width of 100 µm and above,
temperatures begin to approach the melting temperature of U3Si2 (1938 K). A closer
look at centerline temperatures is shown in Figure 4.25. This figure shows that, for
the cases that show a large maximum temperature, there is a spike in centerline
temperature that occurs at different times in each case. Since the results do not
match expectations associated with a slightly larger distance to transfer heat across,
other possibilities that could explain the behavior were explored.
With the increasing temperature, it is expected that fission gas release will
also increase. Analysis of the results shown in Figure 4.26 led to the conclusion that
the cause of the dramatic increase in centerline temperature was caused by a large
release of fission gas into the gap. As the amount of fission gas in the gap increases,
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the helium fill is diluted and the conductivity of the gap decreases significantly.
This decrease in gap conductivity causes a ”runaway” effect to occur which will
continue to increase both temperature and fission gas release until an equilibrium
is reached. The point at which this effect occurs determines the amount of gas that
is ultimately released and the maximum temperature the fuel will reach.
With such a significant release of fission gas into the gap, the internal pressure
of the rod is expected to increase. Figure 4.27 shows that the maximum pressure
the fuel rod reaches begins to increase with increasing gap width until 140 µm is
reached, at which point it begins to decrease with further gap width increase. This
can be explained by the point at which the spike in fission gas release begins. Since
the percentage of fission gas remains relatively constant at gap widths of 140 µm
and higher, a spike of fission gas later in the life of the fuel, when there has been
a larger amount of fission gas produced, will result in a higher quantity released.
As the gap width is increased, the point at which the spike in fission gas occurs
happens earlier in the life of fuel, meaning that there is less fission gas to release.
With the cladding being the barrier that holds the fission gas in, increases in
internal pressure result in an increase in stress on the cladding. Figures 4.28 and
4.29 show the effect of the increasing pressure on the stresses seen in the cladding.
As expected, large increases in stress that directly correspond to the time and
magnitude of the pressure increase can be seen. In all of the cases except for 80 µm,
the PLS of the composite is passed before contact occurs. While the stresses in the
monolithic portion of the cladding increase dramatically, they still remain below
failure stress over 60 GWd/MTU.
4.3 COMPARISON OF U3Si2 TO UO2
As mentioned previously, for a fuel to be considered an ATF, fuel performance
must remain unchanged or it must be improved upon. To test that U3Si2 does
indeed meet these standards, the 80 µm case with creep from the previous section
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was compared to a BISON case with the same dimensions and cladding, but with
UO2 fuel. Figures 4.30 through 4.34 show the results from this comparison.
Figure 4.30 highlights the main advantage to using U3Si2, operating tempera-
ture. Due to its thermal conductivity being significantly lower, the fuel centerline
temperature of U3Si2 is approximately half that of UO2. When looking at homolo-
gous temperatures, the maximum centerline temperature of U3Si2 is 0.64Tm, while
for UO2 it is 0.80Tm. This large temperature difference leads to a sizeable difference
in fission gas release between the two runs. Figure 4.31 shows that for U3Si2, there
is relatively no gas release, but with UO2, fission gas release reaches a peak of 30%.
The impact of this is seen in Figure 4.32, where the increase in fission gas release
leads to the internal pressure of the fuel rod exceeding the coolant pressure at only
12 GWd/MTU. This increase in pressure is also reflected in Figure 4.33 and 4.34,
where stresses are seen to increase prematurely when compared to the case with
U3Si2. In Figure 4.33, the stresses can be seen exceeding the PLS approximately
15 GWd/MTU before U3Si2. Also, Figure 4.34 shows that the failure stress of the
monolithic portion of the cladding is reached at approximately 56 GWd/MTU.
4.4 COMPARISON OF SiC TO ZIRCALOY
As the previous results show, the degradation of SiC’s thermal conductivity
has a significant impact on the temperature profile and the stresses seen in the fuel
rod. To quantify this effect, the 80 µm with creep case was compared to a similar
case with the cladding replaced with Zircaloy. It should be noted that dimensions
for this case have slightly changed to those of what is commonly used for Zircaloy.
Specifically, cladding thickness in the Zircaloy case has been reduced to 0.56 mm
[18]. The results from these cases are highlighted in Figures 4.35 through 4.38.
Initially the thermal conductivity of SiC is greater than that of Zircaloy and
while the cladding is almost double the size, the fuel shows a comparable centerline
temperature at the beginning of life in the SiC case (Figure 4.35). As the SiC cladding
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is irradiated, this equality is soon lost to a large increase in centerline temperature.
At its peak, the fuel centerline is approximately 200 K more for the SiC case. This
temperature increase does lead to an increase in fission gas release, although Figure
4.36 shows that the total amount released still remains relatively small and does not
have much impact on the internal pressure (Figure 4.37).
While the temperature does increase significantly for the SiC case, Figure 4.35
also shows that PCMI is postponed by approximately 10 GWd/MTU. Figure 4.38
shows that this early intiation of PCMI for Zircaloy causes a sharp increase of stress
in the cladding. The stresses in Zircaloy due to PCMI surpass those seen in SiC soon
after contact and continue to remain higher during the rest of the 60 GWd/MTU
period.
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Table 4.1 Results from compressive creep tests on U3Si2 (* denotes tests that did
not meet requirements for analysis)
Test # Temperature (K) Stress (MPa) Axial Strain Rate(1/s)
1 1218.37 44.10 8.7327×10−8
2 1205.18 71.77 1.1134×10−7
3* N/A N/A N/A
4 1122.24 77.68 1.9769×10−8
5 1210.10 57.69 5.2848×10−8
6 1173.58 46.81 1.9071×10−8
7 1223.59 45.65 4.6836×10−8
8 N/A N/A N/A
9 1223.56 49.43 2.8543×10−8
10 N/A N/A N/A
11 1223.70 27.36 1.1998×10−8
12 1273.60 26.40 1.8869×10−8
13 1273.61 47.77 2.9740×10−8
Table 4.2 Values for A, Q, and n
A Q (kJ/mol) n
2.5544×10−22 88.87 2.3480
Table 4.3 Loading conditions for U3Si2/SiC base BISON case
Initial Linear Heating Rate [28] 36.1 kW/m
Linear Heating Rate at 54 Months [28] 25.9 kW/m
Initial Internal Pressure [28] 1 MPa
Coolant Heat Transfer Coefficient [28] 10 kW/m2·K
Coolant Temperature [28] 589 K
Coolant Pressure [28] 15 MPa
Table 4.4 Pellet and cladding geometry for U3Si2/SiC base BISON case
Pellet Height (mm) [18] 11.9
Number of Pellets [18] 10
Plenum to Fuel Length Ratio [18] 0.045
Pellet-Cladding Gap Width (µm) [18] 80.0
Cladding Thickness (mm) [28] 1.0
Inner Composite Thickness (mm) [28] 0.75
Outer Monolithic Thickness (mm) [28] 0.25
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Figure 4.1 Images taken for creep analysis of U3Si2 [16]. The left image is the
sample undeformed, the right image is the sample deformed at 950 ◦C and 47 MPa
(total strain - 12%)
Figure 4.2 Projected versus measured creep of U3Si2
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Figure 4.3 ln(ε̇) versus 103/T for the compressive creep data after certain data sets
have been excluded
Figure 4.4 ln(ε̇ · T/σ) versus 104/T for the compressive creep data
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Figure 4.5 ln(ε̇ · d3 · T/σ) versus 104/T for the compressive creep data
Figure 4.6 Smeared pellet mesh with a multi-layered cladding
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Figure 4.7 View of mesh sections and elements
Figure 4.8 Linear heating rate for BISON cases [28]
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Figure 4.9 Centerline temperature of U3Si2 during BISON runs with and without
thermal creep
Figure 4.10 Radial surface displacement of U3Si2 during BISON runs with and
without thermal creep
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Figure 4.11 Vonmises stress in U3Si2 at the point of PCMI during BISON runs with
thermal creep
Figure 4.12 Axial surface displacement of U3Si2 during BISON runs with thermal
creep
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Figure 4.13 Fuel rod internal pressure during BISON runs with and without
thermal creep
Figure 4.14 Fission gas release of U3Si2 during BISON runs with and without
thermal creep
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Figure 4.15 Hoop stress in the composite portion of the cladding during BISON
runs with and without thermal creep
Figure 4.16 Hoop stress in the monolithic portion of the cladding during BISON
runs with and without thermal creep
55
Figure 4.17 Cladding temperatures during BISON runs with and without thermal
creep
Figure 4.18 Centerline temperature of U3Si2 during BISON runs with increased
creep rates
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Figure 4.19 Radial surface displacement of U3Si2 during BISON runs with increased
creep rates
Figure 4.20 Fuel rod internal pressure during BISON runs with increased creep
rates
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Figure 4.21 Fission gas release of U3Si2 during BISON runs with increased creep
rates
Figure 4.22 Hoop stress in the composite portion of the cladding during BISON
runs with increased creep rates
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Figure 4.23 Hoop stress in the monolithic portion of the cladding during BISON
runs with increased creep rates
Figure 4.24 Maximum centerline temperature of U3Si2 during BISON runs with
varied gap widths
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Figure 4.25 Centerline temperature of U3Si2 during BISON runs with varied gap
widths
Figure 4.26 Fission gas release of U3Si2 during BISON runs with varied gap widths
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Figure 4.27 Fuel rod internal pressure during BISON runs with varied gap widths
Figure 4.28 Hoop stress in the composite portion of the cladding during BISON
runs with varied gap widths
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Figure 4.29 Hoop stress in the monolithic portion of the cladding during BISON
runs with varied gap widths
Figure 4.30 Centerline temperature of U3Si2 and UO2 during BISON runs
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Figure 4.31 Fission gas release of U3Si2 and UO2 during BISON runs
Figure 4.32 Fuel rod internal pressure during BISON runs with U3Si2 and UO2
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Figure 4.33 Hoop stress in the composite portion of the cladding during BISON
runs with U3Si2 and UO2
Figure 4.34 Hoop stress in the monolithic portion of the cladding during BISON
runs with U3Si2 and UO2
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Figure 4.35 Centerline temperature of U3Si2 during BISON runs with a SiC and a
Zircaloy cladding
Figure 4.36 Fission gas release of U3Si2 during BISON runs with a SiC and a
Zircaloy cladding
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Figure 4.37 Fuel rod internal pressure during BISON runs with a SiC and a Zircaloy
cladding






Although the combination of U3Si2 and SiC are one of the favorites for re-
placing the current LWR fuel and cladding, there is still much that is unknown
about these materials. By adding models that describe the behavior of these mate-
rials to the nuclear fuel performance code BISON, a preliminary analysis of their
performance was completed. This analysis has highlighted the following areas of
importance:
• Pellet-Cladding Mechanical Interaction - Upon contact, increases in stresses
in the cladding can greatly reduce the life of the fuel rod.
• Cladding Thermal Conductivity Degradation - Degradation of the thermal
conductivity of SiC imposes large thermal stresses on the cladding from the
beginning of life. The reduction in heat transfer due to this phenomenon
also greatly increases the centerline temperature of the fuel.
• Fission Gas Release - Increased fission gas release during cases with larger
pellet-cladding gap width limit the ability to postpone PCMI by means of
changing the geometry of the fuel rod.
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• Impact of Creep - The creep of U3Si2 has been shown to have a significant
impact on the life of the fuel, with higher creep rates allowing the fuel to
remain in operation longer after the point of contact.
While conclusions can be made from the results shown here, there is still
much more that can be done to improve upon this analysis. The swelling model for
U3Si2 is currently only dependent upon burnup, while temperature is expected to
have a large impact on the swelling as well. Addition of a temperature and burnup
dependent swelling model will greatly improve the accuracy of the simulations.
In addition to improvements that can be made on the swelling model, a model of
fission gas release specific to U3Si2 is also needed.
For SiC, there are also a number of areas that future work can improve upon.
Since SiC consists of fibers that are woven in different directions, the addition
of anisotropic properties can highlight the impact of fiber direction. To achieve
this goal, a 3D model built using BISON’s tensor mechanics module will need to
be created. Further improvements on the analysis of property directionality can
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